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Science and Technology Agency, Saitama, JapanABSTRACT Influence of the axial ligand of PD1 chlorophyll (D1-His-198) on the Em of monomer chlorophylls PD1 and PD2,
and the PD1
þ/PD2
þ charge ratio was investigated by theoretical calculations using the PSII crystal structure of
Thermosynechococcus vulcanus analyzed at 1.9-A˚ resolution. It was found that the Em(PD1)/Em(PD2) values and PD1
þ/
PD2
þ ratio remained unchanged upon D1-H198Q mutation. However, Em(PD1) was increased in the D1-H198A mutant, result-
ing in a more even distribution of the positive charge over PD1/PD2. Introduction of a water molecule as an axial ligand resulted in
equal Em values and PD1
þ/PD2
þ ratios between the mutant and wild-type, thus confirming the presence of the water ligand in
the mutant.INTRODUCTIONThe reaction center of PSII is composed of the D1/D2 hetro-
dimer, harboring the Chla pair PD1/PD2, the accessory Chla
ChlD1/ChlD2, two pheophytin a PheoD1/PheoD2, and two
quinones as the redox active cofactors. P680, which absorbs
light at a wavelength of 680 nm, is formed by excitonic
coupling among the four Chla and two Pheo cofactors (1).
Excitation of P680 leads to the formation of the ChlD1
þ
PheoD1
 state (1–3), followed by the [PD1/PD2]
þ
PheoD1
 state. The resulting [PD1/PD2]
þ state serves as
an electron abstractor for the OEC. Thus, water oxidation
is ultimately achieved by the high Em for one-electron
oxidation of P680. Following the initial charge separation
in the reaction center of PSII, the positive charge is distrib-
uted over PD1/PD2. The [PD1
þ PD2]/[PD1 PD2
þ] ratio
(PD1
þ/PD2
þ ratio) or corresponding spin density distribu-
tion was reported to be 82/18 from electron-nuclear double
resonance (ENDOR) studies of spinach PSII (4) or 80/20
from flash-induced spectroscopic studies of Synechocystis
PCC 6803 PSII (5), suggesting a preferential localization
of the cationic state on PD1 over PD2 irrespective of the simi-
larity in the protein sequences between D1 and D2 (6). TheSubmitted February 27, 2012, and accepted for publication April 16, 2012.
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appears to be largely due to differences in several D1/D2
residue pairs, namely, D1-Asn-181/D2-Arg-180, D1-Asn-
298/D2-Arg-294, D1-Asp-61/D2-His-61, D1-Glu-189/D2-
Phe-188, and D1-Asp-170/D2-Phe-169 (7). These residues
are conserved within the D1 or D2 protein family, respec-
tively. Among these residues, those from the D1 side are
either directly involved in the ligation of the Mn4CaO5-
cluster or located in its vicinity, whereas in the D2 side,
no such Mn4CaO5 cluster exists. Thus, these residues are
either negatively charged or neutral in the D1 side, whereas
their counterparts in the D2-side are largely positively
charged or hydrophobic. This contributed significantly to
the asymmetric distribution of the charge over the PD1/PD2
pair (7).
In addition to the protein environment, axial ligands
significantly influence the Em of redox-active groups. In
particular, the axial ligand replacement of heme proteins
has been widely investigated using proteins and/or model
systems. His ligands are likely to stabilize the oxidized state
of heme, and thus lead to a decrease in Em, i.e., the loss of
a His axial ligand causes an increase in Em (8). Similar
behavior has been implied for chlorophylls in data obtained
from computational studies (9). Mutations of the axial ligand
of PD1, D1-His-198, would serve as a starting point from
which to study the redox properties of P680. Surprisingly,
mutations of D1-His-198 to Ala had no effect on either
the redox or spectroscopic properties of P680 in PSII from
Thermosynechococcus elongatus (10). Although mutations
of the axial ligands in PSII from Synechocystis PCC 6803
showed somewhat different properties, no obvious correla-
tion between the spectral changes and the redox properties
of P680 was found (5). It was proposed that the differences
in the sequence of the D1 subunit in the two organisms might
account for the detailed difference (10). However, the exact
molecular geometry in the neighborhood of the PD1/PD2doi: 10.1016/j.bpj.2012.04.016
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to the lack of the crystal structure.
Because the T. elongatus PSII (11,12) possesses a high
degree of structural similarity to the Thermosynechococcus
vulcanus PSII (13), we investigated the influence of His
ligand mutations with Gln and Ala on Em(PD1) and
Em(PD2) using the T. vulcanus PSII crystal structure
analyzed at a 1.9-A˚ resolution (13). The Em(PD1) and
Em(PD2) values obtained represent those of monomeric
Chla and do not directly account for the PD1
þ/PD2
þ ratio
for the Chla pair. Thus, we also calculated the PD1
þ/
PD2
þ ratio for the PD1/PD2 Chla pair using a large-scale
QM/MM approach with the explicit treatment of the
complete PSII atomic coordinates; defining the PD1/PD2
pair as the QM region and the remaining protein subunits
and cofactors as the MM region. Distributions of the posi-
tively charged state (14,15) or spin density (4,5) over the
PD1/PD2 chlorophyll pair have been measured in spectro-
scopic studies and can be compared with the present calcu-
lated results. Note that in general, electrostatic calculations
and QM/MM calculations provide consistent results (7,16).METHODS
As demonstrated in the previous article (7), we employed the following
systematic modeling procedure: First, we constructed a realistic molecular
model of the whole PSII complex using the resent high-resolution crystal
structure. On the basis of this atomistic model, we next evaluated the redox
potential of PD1/PD2 by solving the linear Poisson-Boltzmann equation with
an explicit consideration of the protonation states for all titratable residues.
Second, to obtain deeper insight into the electronic structure of PD1/PD2
Chla pair, we performed large-scale QM/MM calculations for the entire
PSII complex. Finally, after confirming the validity of the present compu-
tational results through the comparison with available experimental data,
we discussed the origin that determines the asymmetric distribution of
the cationic state of PD1/PD2 Chla pair. Technical details of each modeling
procedure are summarized as follows.Coordinates
The atomic coordinates of PSIIwere taken from thex-ray structure of thePSII
complexes from T. vulcanus at 1.9 A˚ resolution (PDB ID: 3ARC) (13).
Hydrogen atomsweregenerated and energetically optimizedwithCHARMM
(17),whereas the positions of all nonhydrogen atomswere fixed, and all titrat-
able groups were kept in their standard protonation states, i.e., acidic groups
were ionized andbasicgroupswere protonated. For theQM/MMcalculations,
we added additional counter ions to neutralize the whole system.Atomic partial charges
Atomic partial charges of the amino acids were adopted from the all-atom
CHARMM22 (18) parameter set. The charges of the protonated acidic O
atoms were increased symmetrically by þ0.5 unit charges to implicitly
account for the presence of a proton. Similarly, instead of removing a proton
in the deprotonated state, the charges of all of the protons of the basic
groups of Arg and Lys were diminished symmetrically by a total unit
charge. Residues for which the protonation states were not available in
the CHARMM22 parameter set, appropriate charges were computed (19).
For the cofactors (e.g., the OEC cluster, Chla, Pheoa, and quinones), the
same atomic charges as in previous computations of PSII (7) were used.OEC models
In the S1 state, the valences of the 4 Mn atoms are most probably 2 Mn(III)
and 2 Mn(IV) ions (e.g., (20,21)). The exact valences of the individual Mn
atoms are unclear; however, we found that changing the charge distribution
of each Mn atom from the previous distribution did not affect our calcula-
tion results significantly (7). The protonation states of the O atoms (and thus
the net charge of the OEC atoms) in the OEC cluster remain unclear.
Although O1, O2, and O3 are likely to be unprotonated O2– based on obser-
vations of the OEC geometry, the protonation states of O4 linking Mn4 and
Mn3 in the Mn3CaO4 cubane, and O5 in one of the corners of the cubane
linking Mn4 and the cubane, necessitate deeper investigation as they might
be O2, protonated OH, or even H2O. Due to the uncertainty, we evaluated
all possible combinations of the O4 and O5 protonation states and we tenta-
tively used the O4H O5H model (see (7) for further details).
Except for a few examples (22), the spin coupling of the Mn ions has not
been considered in a number of studies where the PSII protein environment
was explicitly modeled (e.g., recent QM/MM studies on the S1-state model
of OEC by Batista, Brudvig, and co-workers (20)). In particular, i), our
focus is not on the OEC cluster, ii), the OEC cluster was included in the
MM region (see below and (7)), and iii), the atomic charges of OEC do
not differ significantly among the different spin structures (22). Thus, the
spin coupling was not considered in this study.QM/MM calculations
In all QM/MM calculations reported here, we employed the so-called elec-
trostatic embedding QM/MM scheme. In all QM/MM calculations, we used
the Qsite (23) program code. Electrostatic as well as steric effects created
by complex PSII architecture were explicitly considered in all present
calculations. Due to the large system size of PSII, the QM region was
limited to either the PD1/PD2 Chla pair or the pair and their axial ligands,
whereas other protein units and all cofactors were approximated by the
MM force field. Because we have optimized the atomic partial charges
for the OEC cluster, Chla, Pheoa, and quinones, the present QM/MM
partition was accurate enough to describe the electronic structure of the
[PD1/PD2]
þ Chla pair. To reliably determine the cationic character of
[PD1/PD2]
þ Chla pair, we employed the unrestricted density functional
theory method with the B3LYP functional and LACVP* basis sets. The
detailed geometry of [PD1/PD2]
þ Chla pair was refined by the constrained
QM/MM optimizations; the surrounding protein environment was consid-
ered as the MM whose atomistic coordinates were exactly fixed with the
original x-ray coordinates. After obtaining the stable geometry of QM
fragment, we then determined the ESP charges for the cationic state of
[PD1/PD2]
þ Chla pair in the presence of the entire PSII atomic coordinates
(Table S1 in the Supporting Material).
The potential-energy profile of the ligation bond was obtained as follows:
first, we prepared for the QM/MM optimized geometry without constraints,
and we used the resulting geometry as the initial geometry. Next, we moved
the entire ligand atoms (i.e., side chain of His/Gln or water) along the
[Mg atom of PD1] – [N or O atom of the ligand head group] axis by
0.05 A˚, optimized the geometry by constraining the distance between the
Mg atom of PD1 and the N or O atom of the ligand head group, and calcu-
lated the energy of the resulting geometry. The axial ligands were also
included in the QM region.Computation of Em(Chla)
The present computation was based on the electrostatic continuum model,
wherein we solved the linear Poisson-Boltzmann equation with the MEAD
program (24). To facilitate direct comparisons with previous computational
results, identical computational conditions and parameters were used (e.g.,
(7,25,26)) such as atomic partial charges and dielectric constants. The redox
states of all other cofactors (e.g., Pheoa and quinones) were kept in their
neutral charge states during the redox titration of each Chla. The ensembleBiophysical Journal 102(11) 2634–2640
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the Karlsberg program (27) (Rabenstein, B. Karlsberg online manual,
http://agknapp.chemie.fu-berlin.de/karlsberg/ (1999)). The dielectric con-
stants were set to εp ¼ 4 inside the protein and εw ¼ 80 for water. All
computations were performed at 300 K, pH 7.0, and an ionic strength of
100 mM. The linear Poisson-Boltzmann equation was solved using a
three-step grid-focusing procedure at resolutions 2.5 A˚, 1.0 A˚, and 0.3 A˚.
The Monte Carlo sampling for a redox active group yielded the
probabilities [Aox] and [Ared] of the two redox states of the molecule A.
Em(Chla) was evaluated using the Nernst equation. A bias potential was
applied to obtain an equal amount of both redox states ([Aox] ¼ [Ared]),
yielding the redox midpoint potential Em as the resulting bias potential.
For convenience, the computed Em was given with mV accuracy without
implying that the last digit is significant. In general, a few 10 mV in Em
is in a sufficiently reproducible range of our computational method.
Em(Chla) was measured to be þ800 mV (versus normal hydrogen elec-
trode) in CH2Cl2 with tetrabutylammonium perchlorate as the electrolyte
(see Chapter 21 in Fajer et al. (28)) (29). Considering the solvation energy
difference between CH2Cl2 and water, we used a value of þ698 mV as
a reference Em(Chla) value in water, as previously used in the wild-type
(WT) PSII (7). The axial ligands of the chlorophylls were not included in
the reference model system mainly due to the absence of experimentally
measured Em values. Alternatively, they were considered as an external
group that interacts with the chlorophyll electrostatically. Due to the
following two reasons, only a Chla molecule (without the axial ligand)
was taken as a reference model system in this study. i), The same
approaches were also employed by Gunner and co-workers, e.g., influence
of the axial ligand on Em(heme) of cytochromes (8). Because the reference
model system does not contain a transition metal in this study, the approx-
imation of the ligand as an external group that influences electrostatically
should be less crucial than that in the Fe-containing heme proteins. ii),
The calculated PD1
þ/PD2
þ ratio and the spin density distribution are
essentially the same irrespective of the axial ligand being included in the
MM region or the QM region (Table 1), suggesting that the influence of
the axial ligand is predominantly due to its electrostatic effect rather than
quantumchemical effect (see below).RESULTS AND DISCUSSION
D1-H198Q mutant
In the O4H O5H OEC model, the Em(PD1) and Em(PD2)
values for D1-H198Q mutant (Fig. 1 a) were calculated to
be 1066 mV and 1168 mV, respectively (Table 1). BecauseTABLE 1 Calculated values of Em(PD1), Em(PD2) (in mV), PD1
D/PD2

model (in %)
Axial ligand
in MM
Em Charge
PD1 PD2 DEm PD1
þ PD2
þ
WT* 1065 1166 101 76.9 23.1
D1-H198Q 1066 1168 102 77.0 23.0
D1-H198A
þH2O 1054 1164 110 77.0 23.0
–H2O 1112 1182 70 68.5 31.5
þOHz 604 967 363 103.2 3.2
Axial ligand was included either in the MM region or in the QM region. Th
Em(PD1); 5H2O ¼ presence/absence of H2O as the PD1 axial ligand; þOH ¼
*See (7).
yNot determined due to the unusually large displacement of the Mg atom from
zFully ionized state.
Biophysical Journal 102(11) 2634–2640the corresponding values were 1065 mV and 1166 mV
for the WT (7), it is clear that the values are not affected by
theD1-H198Qmutation. This is in agreementwith the exper-
imental results showing that i), the Em values of P680/P680
þ
remained unchanged upon D1-H198Q mutation in the
Synechocystis PCC 6803 PSII (5); and ii), the spectroscopic
properties of P680þ remained unaltered upon D1-H198Q
mutation in the T. elongatus PSII (10). This, in turn, indicates
that our calculation approach employed reflected the redox
properties of PD1 and PD2 correctly. Because we did not
observe any significant differences in the protonation states
of titratable residues in the entire PSII, the influence of the
axial ligands His and Gln on Em should be essentially equal.
Indeed, the direct influence of the Gln axial ligand on
Em(PD1) was identical to that of the His axial ligand in the
present PSII geometry, with a stabilization of the Chla
cationic state by ~70 mV (Table 2).
The lower value of Em(PD1) compared to Em(PD2) implies
that a cationic state will be localized more in PD1 than PD2.
In agreement because the Em(PD1) and Em(PD2) values were
identical between the D1-H198Q mutant and the WT, the
calculated PD1
þ/PD2
þ ratio for the D1-H198Q mutant
(77.0/23.0, Table 1) was unaltered as compared to that of
the WT PSII (76.9/23.1 (7)). The spin density distribution
calculated for the WT was 80.1/19.9, which is close to the
experimentally obtained values (zPD1
þ/PD2
þ ratio) of
82/18 from ENDOR studies of spinach PSII (4) or 80/20
from flash-induced spectroscopic studies of Synechocystis
PCC 6803 PSII (5). In Fourier transform infrared (FTIR)
studies of T. elongatus PSII (14,15), 70–80% of the cationic
statewas localized on one of the PD1/PD2 Chla units, which is
also in agreement with the calculated PD1
þ/PD2
þ ratio.
In general, the spin density distribution is significantly
affected by the spin polarization of the energetically low
spin-paired p-orbitals, which tends to reduce small spin
densities (30). Thus, the calculated spin density distribution
tends to be more asymmetric than that of the charge distribu-
tion (Table 1), a fact already pointed out previously (15,30).D ratio, and spin density distribution in the O4H O5H OEC
region in QM region
Spin Charge Spin
PD1 PD2 PD1
þ PD2
þ PD1 PD2
80.6 19.4 73.9 26.1 81.1 18.9
75.6 24.4 75.9 24.1 78.9 21.1
81.2 18.8 77.3 22.7 80.5 19.5
68.4 31.6 62.9 37.1 60.8 39.2
98.5 1.5 n.d.y n.d.y n.d.y n.d.y
e latter considers the axial ligand quantumchemically. DEm ¼ Em(PD2) –
presence of fully ionized OH as the PD1 axial ligand.
the PD1 chlorin plane in the QM/MM geometry optimized structure.
FIGURE 1 (a) QM/MM optimized geometry of the D1-H198Q mutant.
(b) Arrangement of water molecules and the H-bond network in the
D1-H198A mutant (with a water ligand). Oxygen (red) atoms of water
molecules, oxygen, and nitrogen (blue) atoms of D1-198, and Mg (pink)
atoms of PD1, PD2, and ChlD2 chlorophylls are depicted as balls.
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þ/PD2
þ ratio and the spin density
distribution are essentially the same irrespective of the axial
ligand being included in the MM region or the QM region
(Table 1), suggesting that the influence of axial ligand is
predominantly due to its electrostatic effect rather than
quantumchemical effect.D1-H198A mutant
A simple replacement of D1-His-198 with Ala (D1-H198A
without a water ligand) resulted in a 47-mV increase in the
Em(PD1) value (Table 1). The Em(PD2) value also increasedTABLE 2 Direct influence of the axial ligand on the Em(PD1)
shift (in mV) by considering the chromophore and its direct
ligand only
Axial ligand DEm(PD1)
WT His 73
D1-H198Q Gln 73
D1-H198A
þ H2O Ala þ axial H2O 53
Ala þ axial and H-bonded H2O 83
– H2O Ala 3by 16 mV by replacing D1-H198 with Ala (Table 1). His
ligands are widely known to decrease Em of hemes in
heme proteins and model systems (8). The larger shift
observed in Em(PD1) resulted in a more equipotential in
the Em(PD1)/Em(PD2) pair in the D1-H198A mutant
(Em(PD2) – Em(PD1) ¼ 70 mV) than that in the WT PSII
(100 mV). Therefore, the positive charge will shift to a
greater extent onto PD2, yielding a calculated PD1
þ/PD2
þ
ratio of 68.5/31.5 for the D1-H198A mutant in the absence
of a water ligand (Table 1). The spectroscopic properties of
P680þ, however, have been reported to be unchanged upon
the D1-H198A mutation in T. elongatus PSII (10). Thus, it
appears that the present structural model, D1-H198Amutant
without a water ligand, does not adequately describe the
features of the actual D1-H198A mutant.
Analogous to the His axial ligand replacement with Gly
in PbRC (31) and PSI (32), Diner et al. (5) proposed that
the D1-His198A mutant might possess a water molecule
as an axial ligand for PD1. Thus far, this water molecule
has not been detected in FTIR studies (10) because of the
difficulty in exchanging water molecules possibly serving
as the axial ligands for PD1. However, PD1 has been
confirmed to be chlorophyll, not a pheophytin, in the
D1-H198A mutant based on the unchanged P680/P680þ
FTIR spectra (10). A water molecule as an axial ligand
can be seen in the accessory chlorophylls in PSII: a),
ChlD1 (the axial water H-bonded with another molecule of
water that is further H-bonded to both the backbone
carbonyl (C¼O) of D1-Ile-176 and also to the side-chain
OH of D1-Thr-179 and b), ChlD2 (the axial water H-bonded
with another water molecule that is in turn H-bonded to the
backbone C¼O of D2-Val-175 (13). Similar interactions can
be observed in the accessory chlorophylls in PSI, A1A
(with the side-chain C¼O of PsaA-Asn604) and A1B
(with the side-chain C¼O of PsaB-Asn591) (33). We there-
fore introduced two water molecules in the D1-H198A
mutant: one acts as the axial ligand to PD1 (Mg
2þOwater
distance ¼ 2.0 A˚), and the other one is H-bonded with the
first one (Owater–Owater distance ¼ 2.5 A˚) (Fig. 1 b). The
position of the second water molecule was fixed by forming
H-bonds with both the backbone C¼O of D1-Ala-198
(OD1-A198–Owater distance ¼ 3.1 A˚), and a crystal water
(Owater–Owater distance ¼ 2.6 A˚), which is found in the
1.9 A˚ structure and forms an H-bond with the keto C¼O
of ChlD2 (Owater–OChlD2 distance ¼ 2.8 A˚) (13). Thus,
a well-ordered H-bond network between PD1 and ChlD2
can be seen in the D1-H198A mutant with a water ligand
(Fig. 1 b). The potential-energy profile of the water ligand
with respect to the Mg–Owater distance is close to that of
the Gln ligand rather than the His ligand (Fig. 2), probably
because the head group atom is O in both water and Gln in
contrast to N in His.
Using this geometry, we calculated Em(PD1) and Em(PD2)
for the D1-H198A mutant with a water ligand to be
1054 mV and 1164 mV, respectively (Table 1). This yieldsBiophysical Journal 102(11) 2634–2640
FIGURE 2 Potential-energy profiles of the ligation bond along the [Mg
atom of PD1] – [N or O atom of the axial ligand] axis in the WT (black,
energy minimum at 2.10 A˚), D1-H198Q (blue, energy minimum at
1.98 A˚), D1-H198A with a water ligand (red, energy minimum at 2.02 A˚)
PSII proteins. The axial ligands were included in the QM region.
2638 Saito et al.Em(PD2) – Em(PD1) ¼ 110 mV, which is closer to the corre-
sponding value for the WT (100 mV) than the value for the
D1-H198A mutant without a water ligand (70 mV). Further-
more, the PD1
þ/PD2
þ ratio was calculated to be 77.0/23.0,
which is similar to the value of 76.9/23.1 for the WT, but
considerably different from the value (68.5/31.5) calculated
for the D1-H198A mutant without a water ligand (Table 1).
If the PD1
þ/PD2
þ ratio were altered to 68.5/31.5 upon the
D1-H198A mutation, the FTIR spectra for the T. elongatus
PSII (10) would be expected to be significantly different
from those of the WT, which is not the case. Hence, the
unchanged redox and spectroscopic properties of P680 in
T. elongatus PSII (10) can be best explained by the presence
of a water molecule as the axial ligand for PD1 in the
D1-H198A mutant, in agreement with that proposed by
Diner et al. (5).D1-H198A mutant of Synechocystis PCC 6803
PSII
The presence of a water molecule as the axial ligand of PD1
in the D1-H198A mutant was originally proposed in studies
of the Synechocystis PCC 6803 PSII (5). However, in
contrast to T. elongatus, Em(PD1) in the D1-H198A mutant
were –74 and –84 mV lower than that in the native PSII
in whole cells (where the OEC cluster is present) and theBiophysical Journal 102(11) 2634–2640Mn-depleted PSII core complexes of Synechocystis PCC
6803, respectively (5). To explain the significantly lowered
Em(PD1) in the D1-H198A mutant, the ligand water mole-
cule of PD1 was proposed to be OH
 in the P680þ state
of the Synechocystis PCC 6803 PSII (5). In the protein
environment of PSII from T. vulcanus (13), however,
Em(PD1) calculated in the presence of the fully ionized
OH axial ligand in the D1-H198A mutant was unusually
low, 450 mV lower than the native PSII due to the proximity
of the negative charge to PD1
þ (Table 1). The unusually
lowered Em(PD1) of 604 mV suggests that the ligand water
molecule cannot be deprotonated in response to the PD1
þ
formation on the basis of the T. vulcanus PSII crystal
structure. Hence, the fully ionized OH axial ligand is
unlikely to be relevant for the D1-H198A mutant PSII of
T. vulcanus on the basis of the crystal structure. Possibly
in the Synechocystis PCC 6803 PSII, ~20% deprotonation
of the H2O ligand (i.e., OH
0.2) might account for the
Em(PD1) downshift of ~80 mV upon D1-H198A mutation
(5). In general, deprotonation of H2O is energetically
possible only in the proximity of highly positively charged
groups because pKa(H2O/OH
) is significantly high, ~16
in aqueous solution. The coordination of H2O on Mg
2þ of
the positively charged PD1
þ will contribute to the decrease
in pKa(H2O/OH
), which may result in partial deprotona-
tion of the H2O ligand possibly through the displacement
of an H-bond to the protein (5).
In the neighborhood of PD1/PD2, there exists the lumenal
a-helices cd of D1, which play a crucial role in the ener-
getics of [PD1/PD2]
þ (7,25,34–36). The protein primary
sequences of the lumenal a-helices cd of D1 are identical
among T. elongatus and Synechocystis PCC 6803. On the
other hand, a notable difference is observed at D1-199,
next to the PD1 axial ligand (D1-His-198) in the transmem-
brane a-helices d, where Gln is situated in T. elongatus but
is replaced with Met in Synechocystis PCC 6803. This might
result in the different binding modes of the axial water
ligand at PD1 between T. elongatus and Synechocystis
PCC 6803. However, the absence of the latter PSII crystal
structure hinders us to speculate further details, as previ-
ously concluded in the studies of the T. elongatus PSII (10).
In summary, the presence of a H2O axial ligand rather
than an ionized OH ligand, appears to be the case with
the D1-H198A mutant in the geometry of the T. vulcanus
crystal structure (13), in terms of Em(PD1) measured in the
T. elongatus PSII (10) and the apparently large structural
similarity between the T. elongatus (11,12) and
T. vulcanus PSII (13).CONCLUSIONS
The D1-H198Q mutation altered neither Em for PD1 and PD2
nor the PD1
þ/PD2
þ ratio: thus explaining the unaffected
spectroscopic properties of P680 in PSII from T. elongatus
(10) and the unchanged values of Em for P680/P680
þ in
Influence of the Axial Ligand on the PD1 Redox Potential in PSII 2639PSII from Synechocystis PCC 6803 (5). Replacing His with
Ala at the D1-198 position resulted in a significant increase
of ~50 mV in Em(PD1), leading to a decrease in the PD1
þ
state to 68% compared with 77% in the WT, if no water
ligands are introduced. When a water molecule was intro-
duced to serve as the axial ligand for PD1 in the
D1-H198A mutant (originally proposed by Diner et al.
(5), although not detected in experimental studies so far
(10)), the replacement of His by Ala resulted in little effect
on either Em or the PD1
þ/PD2
þ ratio, in agreement with the
experimental results reported. This study demonstrated the
existence of a H-bond network in the mutant that proceeds
from the ligand water of PD1 to the chlorin ring of ChlD2
in which, the water ligand was geometrically maintained
by a second water molecule that formed H-bonds with i),
the backbone C¼O of D1-Ala-198 and ii), a crystal water
that is in turn H-bonded to the keto C¼O of ChlD2.SUPPORTING MATERIAL
Table S1 is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00460-2.
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